Patterns of leaf carbohydrate partitioning and nodule activity in soybean plants grown under natural conditions and the irradiance level required to produce sufficient carbohydrate to obtain maximum rates of apparent Nrfixation (acetylene reduction) were N2-fixation (17, 20, 29) and a lack of an increase in specific nodule activity after short term increases in photosynthate production (7, 29 
growth of the plant on a daily basis is not well understood. It appears that carbon substrates needed for symbiotic N2-fixation are provided by both current photosynthate and stored carbohydrate (16, 20) . Daily photosynthate allocation to nodulated soybean root systems also may be similar to that allocated to roots of other plants (3, 30) . During the light period, photosynthate is formed in the leaves and translocated to various sinks throughout the plant for synthesis and maintenance requirements. Excess photosynthate is subsequently stored as starch in the leaves and then drawn upon to provide energy during the dark cycle of each 24 h photoperiod (4, 20, 25) . The control of partitioning in the leaf between reserve and mobile forms of photosynthate by the environment (4, 5) also may play an important role in carbon allocation to the nodulated root system.
Some data indicate that the daily supply of photosynthate to root nodules is insufficient for potential maximum rates of N2-fixation in legumes (9, 16, 23) . Demonstrated diurnal variations in soybean root-nodule activity and unused N2-fixation capacity stress the importance of a current supply of photosynthate. Maximum N2-fixation rates apparently occur near the period of maximum irradiance level in the field (9, 23) , or the end of the light period under controlled environmental conditions (16) . However, there are reports that indicate soybean root nodules can function at a maximum rate that is not limited by shoot CO2 assimilation. This concept is supported by data showing no diurnal variation in N2-fixation (17, 20, 29) and a lack of an increase in specific nodule activity after short term increases in photosynthate production (7, 29) . Results in all the above studies were attributed to the constant environmental conditions used throughout the growth and/or assay periods. For example, when shoot temperature was varied between day and night, diurnal variations of nodule activity were measured (20) . Sloger et al. (23) Diurnal activity of the roots and nodules was determined in a manner similar to that described by Sheehy et al. (21) . The pots which had previously been fitted with perforated Plexiglas covers were first sealed with a pliable nontoxic sealant (Mortite caulking cord, Mortell Co., Kankakee, IL). Root and nodule respiration was monitored by passing air at a constant flow rate through the sealed pots to an automatic gas sampling system. This system consisted of solenoid valves operated by a cam timer which sampled air in each pot every 3 min. A complete cycle in which each replicate plant was sampled lasted 30 min. CO2 concentration was measured with an ADC Mark II IR gas analyzer. PPFD was measured at the top of the plant using a LI-COR model 185B quantum sensor. Temperature, irradiance, and output from the IR gas analyzer were recorded every minute with a data logger. At approximately 4 h intervals during the diurnal period, air flow through the pots was interrupted, and the reduction of acetylene to ethylene over a 20 min period was determined as previously described (27) . Shoot carbon exchange rates during the day were determined using an open system similar to that described by Williams and Phillips (27) . Irradiance levels were varied by the use of neutral density shade screens.
Plants were harvested at 4 h intervals to determine diurnal changes in nonstructural carbohydrate composition in the leaves.
2 Abbreviation: PPFD, photosynthetic photon flux density.
Leaves were separated from the rest of the plant and oven dried at 75°C for 48 h. Leaf tissue was finely ground and a subsample analyzed for starch and soluble sugar content using the method described by Upmeyer and Koller (25) .
The irradiance level required to produce and allocate carbohydrate sufficient to obtain maximum root-nodule activity was determined by first extending the normal dark period for 40 h to deplete carbohydrate reserves. The dark period was extended by taking plants to the laboratory and placing them in darkened cabinets. Plants were then exposed to stepped increases in irradiance provided by 1000 W metal-halide lamps. During exposure, respiration of the roots and nodules was monitored. After 10 h, plants were assayed for acetylene reduction on detached root systems and the leaves removed and analyzed for starch and soluble sugar content.
RESULTS
Irradiance levels and ambient air temperatures varied considerably both times the expeiment was conducted (Figs. 1 and 2).
a. (Fig. 1) . Root+nodule respiration had a Qlo ofapproximately 4 from 0800 h to 1400 h when root-zone temperature increased from 20 to 35°C. Subsequently, respiration dropped almost 3-fold to 22 nmol CO2 plant-' s-' while the root-zone temperature increased to 37°C. When temperature was not controlled, there was a significant decrease in apparent N2-fixation after the rootzone temperature exceeded 35C. Although the root-zone temperatures had decreased to 25°C by 1900 h, apparent N2-fixation remained depressed and constant until 0600 h. In contrast, when root-zone temperature was controlled at 25°C, apparent N2-fixation rates were constant throughout the experimental period.
Light saturation of whole plant apparent photosynthesis occurred at 600 ,mol m-2 s-' when measured with 33-d-old plants (Fig. 3) Plants subjected to an extended dark period of 40 h after the normal photoperiod exhibited no significant change in acetylene reduction until 14 h into the extended dark treatment (Fig. 4) (Fig. 5) . Starch content in leaves after 10 h at the higher irradiance levels was similar to the maximum value measured during both diurnal studies (Figs. 1 and 2 ).
DISCUSSION
Nodules of soybean plants grown outdoors reduced acetylene and respired CO2 at a constant rate when the temperature of the root system remained constant. These results occurred despite changes in irradiance levels and shoot temperature throughout the day. These results are similar to a controlled-environment study (29) but differ from the results of Huck et al. (1 1) where dirunal changes in root respiration occurred despite controlled root-zone temperature. Huck et al. ( 11) and others (20, 23) have suggested that the acetylene reduction and respiratory activity of nodules also responds to shoot temperature, perhaps resulting from temperature effects on vein loading and carbohydrate translocation from the shoot to nodules. Vein loading and translocation in the phloem ofwheat plants, however, is largely unaffected by temperatures from 20 to 40C (26) . Similar translocationtemperature response curves also have been shown with bean plants (10, 24) . In the present study, ambient air temperatures were within limits that probably would not decrease the export of carbohydrates out of the leaves or other storage organs of the soybean plant (Figs. 1 and 2 ).
Optimum activity of apparent N2-fixation in nodulated soybean plants occurs at root temperatures between 20 and 30°C (6, 9) . Recent studies (13, 18) have demonstrated that the temperature optimum of R. japonicum USDA strain 110 occupies a very narrow range. Strain 110 also was found to be very sensitive to high temperatures (>30°C) regardless of host genotype. In the present study, there was no significant decrease in apparent N2-fixation when root-zone temperature reached 35°C at 1400 h (Fig. 1) . Subsequent to this measurement, however, there was a significant decrease in both root+nodule respiration and acetylene reduction. The decrease in root+nodule respiration from 1400 to 1600 h occurred without a concomitant decrease in pot temperature. It is unknown whether the continued high pot temperature from 1400 to 1600 h and/or other related variables such as plant water status were responsible for both decreases.
The pattern of nonstructural carbohydrate content throughout the day (Figs. 1 and 2 ) resembled that found in soybeans grown under controlled environmental conditions (5, 25) . Maximum starch content measured at 1800 h both days was similar to maximum values obtained after carbohydrate depleted plants had been held at a constant irradiance level for 10 h ( Fig. 5 ; Table I ). This probably was due to the similarities in length of the normal photoperiod both days (approximately 1 1-12 h; Figs. 1 and 2) and the time used for the constant irradiance experiments. Chatterton and Silvius (4) showed that the rate of starch accumulation in fully expanded soybean leaves was a function of the duration of the daily photosynthetic period. They also reported that lowering the irradiance level did not change the partitioning of photosynthate as long as the duration of the photosynthetic period remained the same (5) . In this study, a decrease in irradiance level below the light saturation level of 600 gmol m-2 s-' (Fig. 3) resulted in a significant decrease in starch content when compared after 10 h in the light (Table I) . Differences in results between the two studies may have been due to differences in tissues sampled (all leaves on a plant versus only fully expanded leaves), sinks present (nodulated versus nonnodulated plants), or the effect of a 40 h dark period before the resumption of the light period.
It is not surprising that patterns of leaf carbohydrate accumulation and root-nodule activity in this paper were similar to those obtained with plants grown under controlled environmental conditions. The light saturation curve of shoot CO2 uptake indicated that irradiance levels greater than 600 umol m 2 s-' did not result in greater carbon assimilation for the plant (Fig.  3) or increased leaf starch content (Fig. 5) . Thus, during the fall study, plants were grown in an enviroment outdoors that probably could be described as a constant 600 jmol m 2 s-' for 8 h daily under our growth conditions (approximate number of hours above the light saturation point for an individual soybean plant during September in southern Louisiana). In addition, daily solar radiation received in Baton Rouge was nearly constant for all but one of 9 d preceding the fall study. This would be similar to growing plants in a controlled environment growth chamber at a near constant irradiance level and photoperiod.
Recent studies have demonstrated that plants grown under constant environmental conditions maintain a balance between substrate production and utilization on a 24 h basis (15) . They are characterized by a rapid decrease of respiratory CO2 efflux just subsequent to an extension of the normal dark period (15) . This concept has been used to describe the growth of nodulated legumes in growth chamber experiments (22, 29) . It could be concluded that soybean plants used in this study also were in a steady state of substrate production and utilization even though they were grown in a fluctuating light and temperature environment. When the normal dark period was extended (Fig. 4) there was a significant decrease in apparent N2-fixation after the time sunrise naturally would have occurred. It appeared that the pool of storage carbohydrates was nearly exhausted during the normal dark period with that remaining unable to support further maximum nodule activity. Thus, results from this and growth chamber studies indicate that in addition to temperature, the maintenance of a constant, maximum rate of nodule activity during the vegetative stage of soybean growth is dependent upon the current day's supply of photosynthate. Photosynthate is partitioned in the leaves during the light period such that the pool of soluble sugars is enough to support maximal nodule activity of the plant even under low light conditions. Continued maximum activity of metabolic processes during the dark period is dependent upon the amount of excess photosynthate stored as starch during the day.
Two recent studies (7, 12) have suggested that photosynthate is inefficiently partitioned in nodulated soybeans. The fact that exposure to a low irradiance level (TableI; Fig. 5 ) and low rates of shoot CO2 assimilation (21) produced maximum nodule activity in soybean plants does not support that suggestion. It would appear that the physiological processes (N2-fixation) of the vegetative soybean plant are structured to maintain maximum activity if alterations in shoot CO2 uptake occur, for example during short periods of inclement weather. This mechanism would allow for the plant an efficient means to provide for maximum nitrogen assimilation by the root nodules. This would be especially important during seedling growth of legumes under low soil N conditions since growth often is limited by N availability at this stage (28) .
